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The continuous increase in demand for electricity has caused
so many problems for utility companies such as transmission
line overloading, increased transmission losses and voltage
depression problems [1–3]. To tackle such issues power system
operators, engineers, researchers and utility people requireoptimal power ﬂow (OPF) methodology as fundamental tool
for planning, operation and control of power system network.
OPF is a constrained and nonlinear programming (NLP)
problem, in which the objective function subjected to the
equality and inequality constraints, is optimized by controlling
the power system variables. Real power loss (RPL) minimiza-
tion is one of the objectives of OPF problem. In [4] authors
ﬁrstly presented the mathematical formulation of optimal
power ﬂow problem and further this issue was handled by
several researchers. In the literature there are many conven-
tional optimization techniques such as Newton based pro-
gramming method [5], Linear programming method [6] and
recently Interior point method [7,8] to solve the OPF problem.
On the other hand, with the development of ﬂexible AC
transmission systems (FACTS) technology there is a possibilityJ (2015),
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mance without generation rescheduling and topology changes.
They offer a versatile alternative to conventional methods with
potential advantages of increased ﬂexibility, lower operation
and maintenance costs with less environmental impacts. Their
application in improving the overall performance of the power
system is discussed in [9,10]. Among all the FACTS con-
trollers, uniﬁed power ﬂow controller (UPFC) is a popular
device which provides ﬂexibility in OPF by means of shunt
and series compensation. In [11] the authors considered UPFC
in OPF applications to simultaneously regulate the power ﬂow
in a transmission line and optimize the RPL without genera-
tion rescheduling. In [12] several FACTS devices are coordi-
nated in order to avoid congestion, to provide secure
transmission with reduced RPL.
Classical optimization techniques are generally satisfactory
in solving the OPF problem but when nonlinear devices such
as FACTS are added into the system, the problem becomes
non-convex hindering their ability to converge at global mini-
mum. They converge at local minima and are sensitive to the
initial search point. To overcome the restrictions of traditional
algorithms, heuristic, meta-heuristic and evolutionary algo-
rithms have been applied to work out the OPF problem. Abido
had applied the technique of particle swarm optimization
(PSO) algorithm successfully to solve the OPF problem and
the results are compared with the genetic algorithm [13]. In
[14], Abou El Ela et al. presented a differential evolution
(DE) algorithm to solve OPF problem and the obtained results
are compared with different evolutionary algorithms. A grav-
itational search algorithm (GSA) [15] is proposed for OPF
problem and the results are compared with DE and PSO algo-
rithms. The bacteria foraging algorithm (BFA) is presented in
[16] to solve OPF problem for loss reduction with voltage pro-
ﬁle improvement. Huang and Huang proposed hybrid opti-
mization method that combines harmony search algorithm
and an ant system to ﬁnd optimal location of FACTS devices
for an objective of active power loss minimization [17].
The present paper employs a new meta-heuristic algorithm
known as ﬁreﬂy algorithm (FA) to solve OPF problem of RPL
minimization. FA is the nature inspired algorithm developed
by Yang and it is a powerful algorithm compared to other
meta-heuristic algorithm. In [18] the authors have applied
FA to solve economic load dispatch problem (ELDP) and
recently in [19] the authors have applied the FA to solve
OPF incorporating TCSC to enhance power transfer capabil-
ity of transmission line. The FA is based on the ﬂashing behav-
ior of the ﬁreﬂies which are available in the nature. The control
variables such as transformer tap positions, UPFC location
and its variables are optimized with the FA to optimize the
objective function of RPL minimization, keeping all the vari-
ables within the limits. For the objective of RPL minimization,
the optimization is carried out in three ways. Firstly, only
transformer taps are optimized, secondly, UPFC location
and its variables are only optimized with ﬁxed optimized tap
positions, and ﬁnally both the transformer taps and UPFC
variables are simultaneously optimized. IEEE 14-bus and
New England 39-bus test systems are considered for simulation
purpose. The results for both the test systems obtained with
the FA method are compared with the results of IPSLP and
RCGA methods to show the potential of the proposedPlease cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
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here to validate the results of the FA.
2. Overview of firefly optimization
Fireﬂies use ﬂash signals to attract other ﬁreﬂies for potential
mates. Based on this behavior a meta-heuristic algorithm was
developed by Yang [20–26]. All the ﬁreﬂies are considered uni-
sexual and their attraction is directly proportional to the inten-
sity of their ﬂash. Therefore if a ﬁreﬂy particle had the choice
of moving towards either of two ﬁreﬂies, it will be more
attracted towards the ﬁreﬂy with higher brightness and moves
in that direction. If there are no ﬁreﬂies nearby, the ﬁreﬂy will
move in a random direction. The brightness of ﬂash is associ-
ated with the ﬁtness function. The light intensity also obeys the
inverse square law as in Eq. (1)
IðrÞ ¼ Is
r2
ð1Þ
where I(r) is the light intensity at a distance r and Is the inten-
sity at the source. For a given medium with ﬁxed absorption
coefﬁcient c, the light intensity I varies with the distance r
and is given in Eq. (2) as
I ¼ I0 expðcr2Þ ð2Þ
where I0 is the original light intensity, c is the absorption coef-
ﬁcient and r is the distance between the ﬁreﬂies. As a ﬁreﬂy’s
attractiveness is proportional to the light intensity seen by adja-
cent ﬁreﬂies, the attractiveness b of a ﬁreﬂy can be deﬁned as
b ¼ b0 expðcrmÞ ðmP 1Þ ð3Þ
where b0 is the attractiveness at r= 0. For two ﬁreﬂies i and j,
r is calculated as
rij ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXd
k¼1ðxi;k  xj;kÞ
2
r
¼ kxi  xjk ð4Þ
Eq. (4) is the distance between any two ﬁreﬂies i and j at xi and
xj respectively. In each generation the ﬁreﬂies move to nearby
ﬁreﬂies having more brightness as determined by Eq. (5) as
xi ¼ xi þ b0 expðcr2ijÞðxi  xjÞ þ ae ð5Þ
where a is the randomization parameter and e is the vector of
random numbers taken from Gaussian distribution. Here a
controls the step size. At the end of each generation, the ﬁre-
ﬂies are ranked based on their brightness, and the best ﬁreﬂy
in each generation is found. The ﬁreﬂies are made to move
in subsequent generations and in each generation, the light
intensities of each ﬁreﬂy are updated with respect to the ﬁtness
function. At the end of all generations, the ﬁreﬂy with the
highest brightness i.e. the best ﬁtness value is concluded as
the optimal solution to the problem.
3. Firefly algorithm
The different steps of the FA are the following:
Step 1: Initialization of the FA.
(i) The dimension of the problem.
(ii) The number of ﬁreﬂies.tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Fireﬂy algorithm based solution 3(iii) The maximum number of iterations.
(iv) The values of a, b, c and d are chosen.
(v) Iteration counter i= 0.
Step 2: Increment the iteration counter i= i+ 1.
Step 3: Calculate the ﬁtness of the ﬁreﬂies in every iteration
by using the ﬁtness function as in Eq. (6) and associate the
light intensity of each ﬁreﬂy to the same.
Step 4: Sort the ﬁreﬂies based on their light intensities and
ﬁnd the best ﬁreﬂy in each iteration.
Step 5: Vary the light intensity perception of all other
ﬁreﬂies based on the distance between them.
Step 6:Move the ﬁreﬂies based on attraction which depends
on their light intensities and also the control parameters.
Step 7: If the stopping criteria are not reached go back to
step 2 else go to step 8.
Step 8: Display the results with the ﬁreﬂy particle of highest
light intensity.
The ﬂowchart for the proposed ﬁreﬂy algorithm for RPL
minimization is shown in Fig. 1.Start
Initialization of parameters
Generate random variables
While 
Iter < max
Evaluate light intensities based on 
fitness function
Find best firefly
Move fireflies based on attraction
Iter = iter+1
Terminate
No
Yes
Figure 1 Flowchart of the FA.
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The single objective of optimal power ﬂow problem can be for-
mulated as given below:
Minimize Fðx; uÞ
Subject to gðx; uÞ ¼ 0
hðx; uÞ 6 0
ð6Þ
F(x) is the ﬁtness function equating to the RPL of the test sys-
tem, while g(x,u) and h(x,u) are the set of nonlinear equality
and inequality constraints. Vector x consists of state variables
or dependent variables and vector u consists of independent
variables or control variables. In this research work the control
variables are transformer tap setting values, which can vary in
between 0.85 and 1.15 in step of 0.05, series injected voltage
magnitude (Vse) of UPFC with the ranges [0,0.3 p.u.] and ser-
ies injected voltage phase angle (dse) of UPFC with the range
[0,2p]. All these control variables are optimized with FA and
RCGA to minimize the RPL of the test system. Here the min-
imum and maximum voltages of load buses are considered as
0.9 p.u. and 1.1 p.u. for the test system. Deviation of voltages
at the bus level beyond these limits will add penalty values to
the ﬁtness function and the algorithms will discard these
solutions.
In the optimization problem, control variables such as
UPFC series voltage injection and voltage phase angle are con-
tinuous in nature, while UPFC location is discrete in nature.
Though transformer taps can be considered as a continuous
parameter, a standard resolution of 0.05 is chosen based on
step size found in practical transformers. The algorithms gen-
erate continuous solutions for transformer taps and UPFC
locations which are converted to discrete values before calcu-
lating ﬁtness value. The possible UPFC locations are coded
as indexes (e.g. position 1 implies 4–5 line in IEEE 14 bus
system). In this way, continuous and discrete variables are
handled for optimization.
5. Principle of operation of UPFC
The UPFC structure shown in Fig. 2 basically shares the same
dc-link to operate the two switching converters supplied by a
common energy stored dc capacitor. The shunt and series
transformers are used to couple the switching converter 1
and switching converter 2 to the power system network respec-
tively. The converter 1 is connected in shunt to bus i while the
converter 2 is connected in series between bus i and bus j. The
series converter injects the necessary control voltage with the
desired magnitude and phase angle through the coupling trans-
former to control the ﬂow of required active and reactive
power in the transmission line. The basic function of shunt
converter is to interchange the real power with the power sys-
tem network in order to maintain the energy stored at the com-
mon dc-link capacitor. The shunt converter is also capable to
interchange the reactive power with the power system network
thereby providing independent control of shunt reactive power
compensation. Only one UPFC with injection model is
connected in the test system [27,28]. The UPFC injection
model is shown in Fig. 3.tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Shunt 
Transformer Converter -1 Converter -2 
iiV θ∠ jjV θ∠
Series  Trans former
Bus  i Bus j
P, Q
Figure 2 UPFC device basic arrangement.
Xs
V θ∠ j jV θ∠
( )sinp rb V Vsi s i j ijθ γ= +
2 c oss i s iQ rb V γ=
( )sinsj s i j ijp rb V V θ γ= − +
( )cossj s i j ijQ rb V V θ γ= − +
ii
Figure 3 UPFC injection model.
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technique
OPF problem of RPL minimization can be formulated by
IPSLP technique as given below:
Minimize Fðx0  Dx; u0  DuÞ
Subject to gðx0  Dx; u0  DuÞ ¼ 0
hðx0  Dx; u0  DuÞ 6 0
ð7Þ
where x0, u0 are the initial values of x and u, Dx, Du indicate
the step length from initial point, and g and h indicate the lin-
ear approximation of nonlinear problem.
6.1. IPSLP algorithm
The basic steps required in the IPSLP based OPF algorithms
are as follows:
Step 1: Solve the power ﬂow problem.
Step 2: Linearize the optimal power ﬂow (OPF) problem
and formulate it as a ﬁtness function.
Step 3: Linearize the incremental network model.
Step 4: Compute the linearly constrained optimal power
ﬂow (OPF) by primal–dual interior point method.
Step 5: Update the control variables by Du; solve the exact
nonlinear power ﬂow problem.
Step 6: Evaluate the ﬁtness function for the updated control
variables.Please cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
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rithm, else go to step 2 and continue.
7. Real coded genetic algorithm (RCGA): overview
Real coded genetic algorithm is chosen over standard GA
owing to its advantages in solving optimization problem with
continuous and discrete parameters. RCGA mimics the pro-
cess of natural selection which results in evolution of organ-
isms with better adaptation to the environment [29–33]. The
same behavior is used to solve multi-dimensional complex
problems. The method has been proven effective for solving
problems than binary coded algorithm. The algorithm consid-
ers solutions as genes and performs gene manipulation. The
discrete values are stored with preset resolutions whereas the
continuous values are encoded as they are. The control param-
eters of RCGA are as given below:
Population size: 40.
Number of generations: 30.
Crossover probability (pc): 0.6.
Lambda (k): 0.5.
Probability of mutation (pm): 0.12.
The probability of mutation is valued at 0.12. A higher
value will result in chaotic nature and convergence is affected.
A lower value results in convergence at local minima. The fol-
lowing steps are performed to solve the ﬁtness function for
optimal solution.
7.1. Real coded genetic algorithm (RCGA)
The different steps of the RCGA are as follows:
Step 1: Initialize the population with random solutions
within the limits.
Step 2: Find the ﬁtness value of the solutions using the ﬁt-
ness function as in Eq. (6).
Step 3: Crossover: Two random solutions Xi and Xj are cho-
sen and performed crossover function, in which parts of
two parents combine to form a new offspring. Unlike stan-
dard GA, in RCGA this is done with real values astion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Fireﬂy algorithm based solution 5X_new = (1  k) * Xi + k * Xj where k is the crossover
parameter.
Step 4:Mutation: A part of the solution is mutated to a new
random value. This results in a new value which is different
from the previous solution. This is controlled by a probabil-
ity factor called probability of mutation.
Step 5: Elitism: The number of members in the population
is maintained in every generation. The weakest members
are replaced by newer offspring/mutants which have better
ﬁtness in every generation.
Step 6: Find the best member in every generation.
Step 7: The steps 2–6 are repeated until the number of iter-
ations has reached a preset limit.
Step 8: The results are displayed for the best solution.
8. Simulation results and discussion
The effectiveness of the proposed FA is tested with two stan-
dard test systems, a New England 39 bus system and an IEEE
14-bus system. The New England 39 bus test system [34] shown
in Fig. 4 consists of ten generator buses from bus 30 to bus 39
(bus 31 is slack bus), 29 load buses and 46 transmission lines in
which 12 lines (2–30, 10–32, 12–11, 12–13 19–33, 19–20, 20–34,
22–35, 23–36, 25–37, 29–38, and 31–6) have tap changing
transformers with discrete operating values. The IEEE 14
bus test system [35] consists of ﬁve generator buses 1, 2, 3, 6,
and 8 (bus 1 is slack bus), 9 load buses and 20 transmission
lines in which 3 lines (4–7, 4–9 and 5–6) have the tap changing
transformers with discrete operating values. Buses 9 and 14 are
selected as shunt compensation buses with discrete operating
values. Power ﬂow is solved for base case RPL with nominal
transformer tap settings and the real power loss found to beFigure 4 New England
Please cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
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and IEEE 14-bus system respectively.
8.1. Testing strategies
Programming code for FA has been written in MATLAB 8.3
version and run on core i5, 2.50 GHz and 4.0 GB RAM com-
puter. Three cases have been studied for both New England
39-bus and IEEE 14-bus systems for RPL reduction. In case
1 only transformer taps are optimized, in case 2 UPFC loca-
tion and its parameters are optimized keeping the optimized
taps obtained in case 1 as ﬁxed and in case 3 UPFC location
and its parameters along with taps are optimized simultane-
ously. Interior point successive linear programming (IPSLP)
technique and real coded genetic algorithm (RCGA) are
adopted here to compare the results and to show the efﬁcacy
and superiority of the proposed FA towards the optimization
of RPL. Simulation results of the two test systems for the
above cases are discussed below.
8.2. Simulation results for New England 39 bus test system
8.2.1. Case study 1.1: optimization of RPL with only
transformer taps as control variables
When only transformer taps are optimized with IPSLP tech-
nique for an objective of RPL, the loss is reduced from
0.4371 p.u. to 0.42668 p.u. and when taps are optimized with
RCGA the loss is reduced from 0.4371 p.u. to 0.4214 p.u. Sim-
ilarly the transformers taps are optimized with FA for the
same objective of RPL; the loss is reduced to 0.4203 p.u. The
optimized tap settings along with RPL are given and compared
in Table 1. Convergence characteristics of RCGA and FA for
this case are shown in Fig. 5.39 bus test system.
tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Table 1 Optimization of only taps as control variables (New England 39-bus system).
S. no. Line no. IPSLP RCGA FA
Optimized
tap values
RPL Optimized
tap values
RPL Optimized
tap values
RPL
1 2–30 1.10 0.4266 p.u. 1.05 0.4214 p.u. 1.15 0.4203 p.u.
2 10–32 1.10 1.15 1.10
3 12–11 0.95 1.10 1.05
4 12–13 1.10 1.05 1.05
5 19–33 1.10 1.05 1.15
6 19–20 1.00 1.05 1.10
7 20–34 1.10 1.05 1.10
8 22–35 1.10 1.10 1.10
9 23–36 1.10 1.05 1.10
10 25–37 1.10 1.05 1.10
11 29–38 1.05 1.10 1.15
12 31–6 1.10 1.10 1.10
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Figure 5 Convergence characteristics of New England 39-bus
system for case study 1.1.
Figure 6 Convergence characteristics of New England 39 bus
system for case study 1.2.
6 P. Balachennaiah et al.8.2.2. Case study 1.2: sequential optimization of UPFC location
and its series injection voltage with the fixed optimized tap values
for an objective of RPL
With the above optimized tap values, the UPFC location and
its variables are optimized with IPSLP, RCGA and FA tech-
niques. In the test system only 32 lines are considered for con-
necting the UPFC as the remaining 14 lines are connected to
either transformers or feeding generators of the network. InTable 2 Optimized values of UPFC location and its variables with
IPSLP RCGA
Optimized UPFC parameters RPL Optimized UPFC param
|Vse| = 0.0099 p.u. 0.3798 p.u. |Vse| = 0.0234 p.u.
dse = 1.04 rad dse = 1.6774 rad
Location: 3–4 Location: 16–19
Please cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
http://dx.doi.org/10.1016/j.asej.2015.10.005IPSLP technique, the UPFC is connected in all the 32 lines
considering one at a time, as it cannot be linearized through
perturbation and so it is not a control variable. Here, the real
power losses are reduced from 0.4266 p.u. to 0.3798 p.u. with
best location and the UPFC injection voltage in each succes-
sion of linearization. With RCGA when UPFC is introduced,
the loss is reduced from 0.4214 p.u. (obtained in case 1.1) to
0.37506 p.u. Similarly with FA, the UPFC location and its
variables are optimized keeping the optimized transformerﬁxed transformer taps (New England 39 bus system).
FA
eters RPL Optimized UPFC parameters RPL
0.37056 p.u. |Vse| = 0.0294 p.u. 0.3545 p.u.
dse = 1.933 rad
Location: 26–29
tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Table 3 Simultaneously optimized values of UPFC location and its variables along with taps (New England 39 bus system).
S. no. Line no. IPSLP RCGA FA
Optimized
tap values
Optimized
UPFC
parameters
RPL Optimized
tap
values
Optimized UPFC
parameters
RPL Optimized
tap values
Optimized UPFC
parameters
RPL
1 2–30 1.00 |Vse| = 0.01 p.u. 0.3947 p.u. 1.00 |Vse| = 0.012167 p.
u.
0.3694 p.u. 1.10 |Vse| = 0.022453 p.
u.
0.3463 p.u.
2 10–32 1.00 dse = 1.000 rad 0.95 dse = 0.937246 rad 1.00 dse = 1.2759 rad
3 12–11 1.05 Location: 4–14 0.95 Location: 17–18 1.00 Location: 16–24
4 12–13 1.00 1.00 1.00
5 19–33 1.05 1.05 1.00
6 19–20 1.05 1.05 1.00
7 20–34 1.05 1.00 1.00
8 22–35 1.05 1.05 1.05
9 23–36 1.05 1.10 1.00
10 25–37 1.00 1.05 1.05
11 29–38 1.05 0.95 1.05
12 31–6 1.05 1.00 1.00
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Figure 7 Convergence characteristics of New England 39 bus
system for case study 1.3.
Table 4 Optimization of only taps as control variables (IEEE
14 bus system).
S. no. Line no. RCGA FA
Optimized
tap values
RPL Optimized
tap values
RPL
1 4–7 0.95 0.13374 p.u. 1.00 0.13343 p.u.
2 4–9 1.15 0.90
3 5–6 1.05 0.95
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Figure 8 Convergence characteristics of IEEE 14 bus test system
for case study 2.1.
Table 5 Optimized values of UPFC location and its variables
with ﬁxed transformer taps (IEEE 14-bus system).
RCGA FA
Optimized UPFC
parameters
RPL Optimized UPFC
parameters
RPL
|Vse| = 0.0300
p.u.
0.117744
p.u.
|Vse| = 0.024695 p.u. 0.109576
p.u.
dse = 1.5800 rad dse = 1.164204 rad
Location: 9–10 Location: 9–10
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Figure 9 Convergence characteristics of IEEE 14 bus system for
case study 2.2.
8 P. Balachennaiah et al.taps ﬁxed and found that the losses are reduced from 0.4203 p.
u. to 0.3545 p.u. The optimized UPFC location and its param-
eters along with RPL are given in Table 2. From the results it is
clear that when a nonlinear device such as UPFC is connectedPlease cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
http://dx.doi.org/10.1016/j.asej.2015.10.005in the system, the FA is able to ﬁnd the global minimum
whereas IPSLP algorithm converges at local minimum only.
Convergence characteristics of RCGA and FA for this case
are shown in Fig. 6.
8.2.3. Case study 1.3: simultaneous optimization of UPFC
location and its variables along with taps for an objective of RPL
With the IPSLP technique the UPFC variables along with taps
(12 transformer taps, UPFC series injected voltage magnitude
and phase angle) are simultaneously optimized and found that
the RPL is 0.3947 p.u. With RCGA the RPL is reduced to
0.3694 p.u. Similarly with FA technique, the UPFC location
and its variables along with taps (12 transformer taps, UPFC
location, and UPFC series injected voltage magnitude and
phase angle) are simultaneously optimized for RPL and the
results are given in Table 3. It is observed from the simulation
results that the losses obtained from FA technique are much
reduced compared to IPSLP and RCGA techniques. Conver-
gence characteristics of RCGA and FA for case are shown
in Fig. 7.
8.3. Simulation results for IEEE 14 Bus test system
8.3.1. Case study 2.1: optimization of RPL with only
transformer taps as control variables
When only transformer taps are optimized with RCGA for an
objective of RPL, the loss is reduced from 0.13394 p.u. to
0.13374 p.u. Similarly with FA the transformer taps aretion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Table 6 Simultaneously optimized values of UPFC location and its variables along with taps (IEEE 14-bus system).
S. no. Line no. RCGA FA
Optimized
tap values
Optimized UPFC
parameters
RPL Optimized
tap values
Optimized UPFC
parameters
RPL
1 4–7 0.90 |Vse| = 0.0200 p.u. 0.112897 p.u. 0.95 |Vse| = 0.024542 p.u. 0.10562 p.u.
2 4–9 1.05 dse = 1.5500 rad 0.95 dse = 1.349802 rad
3 5–6 0.95 Location: 4–5 0.95 Location: 9–10
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Figure 10 Convergence characteristics of IEEE 14 bus system
for case study 2.3.
Table 7 Inﬂuence of control parameters on the performance of FA
Trial Population size Randomization parameter (a) Attractiven
1 1 0.1 0.1
2 5 0.1 0.1
3 10 0.2 0.1
4 15 0.2 0.2
5 20 0.3 0.2
6 25 0.3 0.2
7 30 0.4 0.2
Table 8 Inﬂuence of control parameters on the performance on FA
Trial Population size Randomization parameter (a) Attractivene
1 1 0.1 0.1
2 5 0.1 0.1
3 10 0.2 0.1
4 15 0.2 0.2
5 20 0.3 0.2
6 25 0.3 0.2
7 30 0.4 0.2
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ther reduced to 0.13343 p.u. The optimized taps along with
RPL obtained with RCGA and FA are compared and given
in Table 4. Convergence characteristics of RCGA and FA
for these cases are shown in Fig. 8.
8.3.2. Case study 2.2: sequential optimization of UPFC location
and its series injection voltage with the fixed optimized tap values
for an objective of RPL
With the above optimized tap values, the UPFC location and
its variables are optimized with RCGA and FA techniques. In
the test system only 7 lines are considered for connecting the
UPFC as the remaining 13 lines are connected to either trans-
formers or feeding generators of the network. With RCGA,
the UPFC location and its variables are optimized keeping
the optimized transformer taps ﬁxed and found that the losses
are reduced from 0.13374 p.u. to 0.11774 p.u. Similarly with
FA the losses are further reduced to 0.109576 p.u. from
0.13343 p.u. The results obtained with both the methods are
compared in Table 5. Convergence characteristics of RCGA
and FA for this case are shown in Fig. 9.for New England 39 bus system.
ess (b) Absorption coeﬃcient (c) RPL (MW)
Case 1 Case 2 Case 3
0.9 43.717 42.031 40.770
0.9 42.668 41.093 39.924
0.95 42.668 40.088 36.801
0.95 42.118 38.568 36.564
1.0 42.10 35.462 35.630
1.0 42.03 35.451 34.630
1.0 42.03 35.468 34.630
for IEEE 14-bus test system.
ss (b) Absorption coeﬃcient (c) RPL (MW)
Case 1 Case 2 Case 3
0.9 13.3579 11.1601 11.0706
0.9 13.3579 11.1321 11.0462
0.95 13.3572 11.1221 11.0528
0.95 13.3578 11.0392 10.9831
1.0 13.3521 10.9729 10.6428
1.0 13.3430 10.9576 10.5620
1.0 13.3430 10.9576 10.5632
tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Table 9 RPL values and computational time for New England 39 bus system for 10 trials (case study 1.1).
S. no. Method RPL Simulation time (s)
Best value Worst value Average value
1 FA 0.4203 p.u. 0.43177 p.u. 0.42503 p.u. 29.96
2 RCGA 0.421419 p.u. 0.426628 p.u. 0.425843 p.u. 34.78
3 IPSLP 0.4266 p.u. NA NA NA
Table 10 RPL values and computational time for New England 39 bus system for 10 trials (case study 1.2).
S. no. Method RPL Simulation time (s)
Best value Worst value Average value
1 FA 0.3545 p.u. 0.38934 p.u. 0.37124 p.u. 31.36
2 RCGA 0.37056 p.u. 0.39945 p.u. 0.37685 p.u. 34.78
3 IPSLP 0.3798 p.u. NA NA NA
Table 11 RPL values and computational time for New England 39 bus system for 10 trials (case study 1.3).
S. no. Method RPL Simulation time (s)
Best value Worst value Average value
1 FA 0.3463 p.u. 0.37744 p.u. 0.36953 p.u. 65.73
2 RCGA 0.369446 p.u. 0.38967 p.u. 0.37374 p.u. 66.43
3 IPSLP 0.3947 p.u. NA NA NA
Table 12 RPL values and computational time for IEEE 14-bus system for 10 trials (case study 2.1).
S. no. Method RPL Simulation time (s)
Best value Worst value Average value
1 FA 0.133431 p.u. 0.133573 p.u. 0.133529 p.u. 5.18
2 RCGA 0.133740 p.u. 0.134266 p.u. 0.133827 p.u. 6.31
Table 13 RPL values and computational time for IEEE 14-bus system for 10 trials (case study 2.2).
S. no. Method RPL Simulation time (s)
Best value Worst value Average value
1 FA 0.109576 p.u. 0.113095 p.u. 0.111705 p.u. 5.97
2 RCGA 0.117744 p.u. 0.132330 p.u. 0.128625 p.u. 6.50
Table 14 RPL values and computational time for IEEE 14-bus system for 10 trials (case study 2.3).
S. no. Method RPL Simulation time (s)
Best value Worst value Average value
1 FA 0.105621 p.u. 0.112228 p.u. 0.110236 p.u. 5.22
2 RCGA 0.112897 p.u. 0.133373 p.u. 0.124079 p.u. 5.64
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location and its variables along with taps for an objective of RPL
With the RCGA technique, the UPFC variables along with
taps (3 transformer taps, UPFC location and its parameters)Please cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
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loss is 0.11289 p.u. Similarly with the FA technique the UPFC
location and its variables along with taps (3 transformer taps,
UPFC location, and UPFC series injected voltage magnitudetion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
Table 15 Comparison of FA and BFA for New England 39-
bus test system.
S. no. Technique New England 39 bus system
RPL
Case 1.1 Case 1.2 Case 1.3
1 FA 0.4203 p.u. 0.3545 p.u. 0.3463 p.u.
2 BFA [28] 0.4071 p.u. 0.3533 p.u. 0.3507 p.u.
Fireﬂy algorithm based solution 11and phase angle) are simultaneously optimized. The optimized
taps, UPFC location and its variables along with RPL are
given in Table 6. It is observed from the simulation results that
the losses obtained from FA technique are much reduced com-
pared to RCGA technique. Convergence characteristics of
RCGA and FA for this case are shown in Fig. 10.
It is noted here that in all the cases for both the test systems,
there is reduction in real power loss and this loss reduction has
been translated only to the slack generator [28].
8.4. Determination of parameters for FA
Determination of the parameters such as population size, ran-
domization parameter (a), attractiveness (b) and absorption
coefﬁcient (c) is important to implement FA successfully,
because they affect the performance of the algorithm for vari-
ous problems. Under a ﬁxed iteration number of 30, the
parameter settings for the algorithm are varied with several tri-
als as shown in Tables 7 and 8 for both the test systems and the
optimal settings for best result are chosen. From the tables, the
trial 6 gives the best values for RPL over the other trials. Based
on the trials the population size of 25 is chosen and the values
of a, b, and c are set as 0.3, 0.2, and 1 respectively.
8.5. Robustness test
To test the robustness of FA, 10 trial runs were performed for
both the test systems. Tables 9–11 show the results of RPL val-
ues and computational time for case studies 1.1, 1.2 and 1.3 of
New England 39 bus test system. Tables 12–14 show the results
of RPL values and computational time for case studies 2.1, 2.2
and 2.3 of IEEE 14 bus test system. It can be seen here that the
optimal RPL obtained by the proposed FA for all the three
cases is always nearer to the average value which is also lesser
than RCGA for both the test systems, showing the robustness
and superiority of the proposed FA method for the OPF prob-
lem of RPL minimization.
8.6. Computational efficiency
From Tables 9–14, it is also clear that the FA method is com-
putationally efﬁcient and the time requirement is lesser than
the RCGA method.
8.7. Comparison of FA with BFA technique
Table 15 shows the comparison of proposed algorithm with
BFA technique for single objective RPL minimization. It is
clear here that with FA the losses are reducing from case 1Please cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
http://dx.doi.org/10.1016/j.asej.2015.10.005to case 2 and further case 2 to case 3 as also obtained in the
case of BFA. It is interesting to notice that the losses obtained
with FA for case 3 (simultaneous optimization of taps, UPFC
location and its variables) are much better comparing to BFA
for the same case showing the potentiality of the proposed
method. It is noted here, as the results of BFA available in
the literature are only for 39 bus system, the comparison is
done only for the same system.
9. Conclusion
In this paper FA based methodology to minimize real power
loss of the power system is presented. The optimization is car-
ried out by considering the control variables such as trans-
formers tap setting values, UPFC location and UPFC series
injected voltage magnitude and phase angle. Simulation results
of the proposed method are compared with the results of the
IPSLP technique and with the results of RCGA and BFA
methods for the objective of real power loss minimization
and found that the proposed method is superior in loss mini-
mization. Also IPSLP technique is not able to ﬁnd global opti-
mum due to nonlinear device such as UPFC is introduced in
the system. It is also observed that there is much reduction
in real power loss of the system when the control variables
are simultaneously optimized with proposed algorithm com-
pared to IPSLP, RCGA and BFA methods.
References
[1] Thukaram D, Parthasarathy K, Khincha HP, Udupa Naren-
dranath, Bansilal A. Voltage stability improvement: case
studies if indian power networks. Electr Power Syst Res
1998;44:35–44.
[2] Yesuratnam G, Thukaram D. Congestion management in open
access based on relative electrical distances using voltage stability
criteria. Electr Power Syst Res 2006;77:1608–18.
[3] Nagendra P, Halder Sunita, Paul S, Datta T. A novel approach
for global voltage stability assessment of a power system
incorporating static var compensator. Eur Trans Electr Power
2012;22(7):1016–26.
[4] Dommel HW, Tinny TF. Optimal power ﬂow solution. IEEE
Trans Power Appar Syst 2002;30(5):469–83.
[5] Nagendra P, Sunitha Halder S, Datta T, Paul S. Voltage stability
assessment of power system incorporating FACTS controllers
using unique network equivalent. Ain Shams Eng J 2014;5
(1):103–11.
[6] Ristanovic P. Successive linear programming based optimal power
ﬂow solution, optimal power ﬂow solution techniques, require-
ments and challenges. IEEE Power Eng Soc 1996.
[7] Ramous JL Martinez, Exposito AG, Quintana V. Transmission
loss reduction by interior point methods: implementation issues
and practical experience. IEE Proc Gener Transm Distrib
2005;152(1):90–8.
[8] Venkateswarao B, Kumar GVN, Lakshmikumari RVS, Raju
GNS. Optimization of power system with interior point method.
In: IEEE international conference on power and energy systems,
Chennai, 22–24 December; 2011.
[9] Hingorani NG, Gyugi L. Understanding FACTS: Concepts and
technology of ﬂexible AC transmission system. Wiley-IEEE Press;
1999.
[10] Gyugyi L et al. The uniﬁed power ﬂow controller: a new approach
to power transmission control. IEEE Trans Power Deliv 1995;10
(2):1085–97.tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
12 P. Balachennaiah et al.[11] Noroozian M, Angquist L, Ghandhari M, Anderson G. Use of
UPFC for optimal power ﬂow controller. IEEE Trans Power
Deliv 1997;12(4):1629–34.
[12] Glanzman G, Anderson G. Coordinated control of FACTS based
on optimal power ﬂow. In: Proceedings, 37th annual North
America power symp, Ames, IA, 23–25 October; 2005.
[13] Abido MA. Optimal power ﬂow using particle swarm optimiza-
tion. Electr Power Energy Syst 2002;24:563–71.
[14] Abou El Ela AA, Abido MA, Spea SR. Optimal power ﬂow using
differential evolution algorithm. Electr Power Syst Res
2010;80:878–85.
[15] Duman Serhat, Guvenc Ugur, Sonmez Yusuf, Yorukeren Nuran.
Optimal power ﬂow using gravitational search algorithm. Energy
Convers Manage 2012;59:86–95.
[16] Tripathy M, Mishra S, Lai LL, Zhang QP. Transmission loss
reduction on FACTS and bacteria foraging algorithm. PPSN
LNCS 2006;4193:222–31.
[17] Huang Chao-Ming, Huang Yann-Chang. Hybrid optimization
method for optimal power ﬂow using ﬂexible AC transmission
device. IET Gener Transm Distrib 2014;8.
[18] Sulaiman MH, Mustafa MW, Zakaria ZN, Alimano O, Rahim
SRA. Fireﬂy algorithm technique for solving Economic dispatch
problem. In: Power engineering and optimization conference,
Melaka, Malaysia, 6–7 June; 2012.
[19] Bathina Venkateswararao, Gunadavarapu Venakata Nagesh
Kumar. Optimal location of thyristor controlled series capacitor
to enhance power transfer capability using ﬁreﬂy algorithm. Electr
Power Compon Syst 2014;42:1541–52.
[20] Yang XS. Fireﬂy algorithm: stochastic test functions and design
optimization. Int J Bio-Inspired Comput 2010;2(2):78–84.
[21] Yang XS. Fireﬂy algorithm for multimodal optimization. SAGA
20, vol. 5792; 2009. p. 169–78.
[22] Padhan Saroj, Sahu Ravindrakumar, Panda Sidhrtha. Applica-
tion of ﬁreﬂy algorithm for load frequency control of multi-area
interconnected interconnected power system. Electr Power Com-
pon Syst 2014;42(13):1419–30.
[23] Mahapatra Srikanta, Panda Siddhartha, Swain Sarat Chandra. A
hybrid ﬁreﬂy algorithm and pattern search technique for SSSC
based power oscillation damping controller design. Ain Shams
Eng J 2014(5):1177–88.
[24] Fister Jr Iztok, Yang Xin She, Brest Janez. A comprehensive
review of ﬁreﬂy algorithms. Swarm Evol Comput 2013;13:34–46.
[25] Manoranjitham G Emily, Shunmugalatha Alagarsamy. Applica-
tion of ﬁreﬂy algorithm on optimal power ﬂow control incorpo-
rating simpliﬁed impedance UPFC model. Int J Electr Power
Energy Syst 2015;71:358–63.
[26] Yang Xin-She, Hosseini Seyyed Soheil Sadat, Gandomi Amir
Hossein. Fireﬂy algorithm for solving non convex economic
dispatch problems with valve loading effect. Appl Soft Comput
2012;12(3):1180–6.
[27] Enrique Acha, Feurte Esquivel Claudio R, Ambritz-Perez Hugo,
Angeles Camacho Cesar. Modeling and simulation in power
network. John Wiley and Sons Ltd.; 2004.
[28] Tripathy M, Mishra S. Bacteria foraging based solution to
optimize both real power loss and voltage stability limit. IEEE
Trans Power Syst 2007;22(1).
[29] Amjady N, Nasiri-Rad H. Economic dispatch using an efﬁcient
real-coded genetic algorithm. IET Gener Transm Distrib 2008
[April].
[30] Eshelman L, Schaffer J. Real-coded genetic algorithms and
interval-schemata. In: Whitely L, editor. Foundations of genetic
algorithms, vol. 2. San Francisco: Morgan Kaufmann Publishers;
1993.Please cite this article in press as: Balachennaiah P et al., Firefly algorithm based solu
http://dx.doi.org/10.1016/j.asej.2015.10.005[31] Baskaran Shakila, Karpagam N, Devaraj D. Optimization of
UPFC controllable parameters for stability enhancement with
real-coded genetic algorithm. In: EEE-international conference on
advances in engineering, science and management (ICAESM –
2012) March 30, 31; 2012.
[32] Blanco A, Delgado M, Pegalajar MC. A real-coded genetic
algorithm for training recurrent neural networks. Neural Netw
2001;14:93–105.
[33] Panda Sidartha, Swain SC, Baliarsingh AK. Real-coded genetic
algorithm for robust co-ordinated design of excitation and SSSC
based controller. J Electr Eng 2008;8(4):31–8.
[34] Mishra, Tripathy M, Nanda J. Multi-machine power system
stabilizer design by rule based bacteria foraging. Electron Syst Res
2007;77:595–1607.
[35] Subbaraj P, Rajnarayanan PN. Optimal reactive power dispatch
using self-adaptive real coded genetic algorithm. Electr Power Syst
Res 2009;79:374–81.
P. Balachennaiah received the B.Tech. degree
in Electrical and Electronics Engineering from
JNTU college of Engineering, Anantapur,
India, in 1998. He received M.Tech. degree in
2007 from JNTU college of Engineering,
Kukatpalli, Hyderabad, India, in the ﬁeld of
Electrical Power Engineering. He is presently
working as Assistant Professor in the
Department of Electrical and Electronics
Engineering, AITS, Rajampet, and he is pur-
suing his Ph.D. from Jawaharlal Nehru Technological University,
Anantapuramu. His research interests are power system stability and
control, voltage stability, FACTS devices, optimization techniques andevolutionary algorithms. He has published several research papers in
various conferences and journals.
Dr. M. Suryakalavathi received the B.Tech.
degree in Electrical Engineering from S.V.U.,
Tirupathi, India, in 1988. She received M.
Tech. degree from S.V.U., Tirupathi, in the
year 1992 and obtained her Ph.D. degree from
JNTU, Hyderabad, and postdoctoral from
CMU, USA. She is presently the professor in
the Department of Electrical and Electronics
in JNTUH college of Engineering, Kukatpalli,
Hyderabad, Telangana, India. She has pub-
lished several research papers in conferences and Journals. Her
research interests are power system, control and high voltage engi-
neering and FACTS devices.Dr. Palukuru Nagendra obtained his B.Tech.
in Electrical and Electronics Engineering from
JNTU, Ananthapur, M.Tech. in Energetics
(Power Systems) from NIT, Calicut, and Ph.
D. from Jadavpur University, Kolkata, India,
in 1995, 2004 and 2011 respectively. His
research interest includes voltage stability,
OPF, FACTS and ANN applications to
power system. He has published several
research papers in various reputed conferences
and journals.tion to minimize the real power loss in a power system, Ain Shams Eng J (2015),
